
1. Introduction
ElectroMagnetic Ion Cyclotron (EMIC) waves are a class of naturally-occurring plasma emissions that are found 
ubiquitously in the Earth's magnetosphere, having frequencies in the Pc1-Pc2 (∼0.1–5 Hz) range, and are typi-
cally excited in the L-mode near the geomagnetic equator in association with intensified geomagnetic activity 
(Jordanova et al., 2006; Loto'aniu et al., 2005). The free energy source driving the excitation of EMIC waves is 
thought to be the thermal anisotropy of the energetic (tens of keV) protons (Anderson et al., 1996; Kennel & 
Petschek, 1966; Horne & Thorne, 1993; Mauk & Mcpherron, 1980; Rauch & Roux, 1982; Young et al., 1981), 
and the presence of heavy ions further divides the EMIC spectrum into frequency bands that are labeled accord-
ing to the ion gyrofrequency below which the band is found, for example, H +-, He +-, and O +-band EMIC waves 
occur directly below the H +-, He +-, and O +-gyrofrequencies (fcH, fcHe, and fcO) (Gomberoff & Neira, 1983; Horne 
& Thorne, 1994; Kozyra et al., 1984; Young et al., 1981).

Although the spatial distribution of EMIC waves and their associated characteristics have been studied for a 
number of years (Anderson et al., 1992a, 1992b; Halford et al., 2010; Kasahara et al., 1992; Keika et al., 2013; 
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Plain Language Summary Based on a recent study that has shown how ElectroMagnetic Ion 
Cyclotron (EMIC) waves tend to occur in four distinct regions, we study two of those regions that occur at 
relatively low L-shells, and overlap with the intense portion of the outer radiation belt energetic electrons. 
We use a nonlinear, test particle code to simulate the wave-particle interaction of energetic electrons with 
two groups of waves: high-density, He-band EMIC waves and low-density, H-band EMIC waves. While the 
low-density EMIC waves have resonant energies that are too high to affect the typical range of radiation belt 
electrons, the high-density EMIC waves drive a range of linear and nonlinear responses in the electrons. In 
particular, as the EMIC waves get more intense, a nonlinear “force bunching” effect tends to reflect energetic 
electrons at low pitch angles out of the loss cone, and prevent them from precipitating, contrary to expectations 
based on quasilinear and (more conventional) nonlinear theory. The precipitation blocking could have profound 
effects on observational campaigns that attempt to simultaneously measure EMIC waves near the geomagnetic 
equator, and result in coincident precipitation along the same field line at low altitudes, in that the precipitation 
could be entirely absent.
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Meredith et al., 2014; Min et al., 2012; Saikin et al., 2015; Usanova et al., 2012, 2013), the recent availability of 
high-resolution, long-term, multi-spacecraft, full-spatial coverage datasets has allowed an unprecedented level of 
detail to be achieved in such observations. For example, using a combined dataset of Van Allen Probes (Mauk 
et al., 2013) and Arase (Miyoshi et al., 2018) observations, Jun et al. (2021) demonstrated that EMIC waves tend 
to naturally group into four distinct occurrence regions, each with its own unique morphology and driving condi-
tions, shown in the central panel of Figure 1, labeled a-d.

While the high L-shell (>8 RE) regions (a and d) are associated with weaker wave amplitudes and quiet to moder-
ate geomagnetic conditions, it is the low L-shell (<6 RE) regions (b and c) identified in Jun et al. (2021) that are 
of primary interest to the present study, due to their relatively large intensities, association with geomagnetically 
active conditions, and—very importantly—their spatial overlap with the high-energy, outer electron radiation belt 
electron population (typically spanning L ∼ 3–6, with peak fluxes at L ∼ 4–5).

Region b is characterized by H +-band EMIC waves occurring on the dayside, in the low-density region outside 
the plasmasphere, over the region L ∼ 3–6 and observed during the recovery phase of geomagnetic storms, often 
in association with moderate substorms and solar wind pressure enhancements. These waves are predominantly 
left-hand polarized, with center frequencies in the range of 0.7–4.0 Hz.

In contrast, region c is characterized by He +-band EMIC waves occurring on the duskside, high-density region 
inside the plasmasphere, over the region L ∼ 5–7, during the main phase of geomagnetic storms. Typical exam-
ples of both types of EMIC waves are shown in the breakout panels in Figure 1, as observed by the Arase satellite, 
where the green, yellow, and red dashed lines in both spectrograms correspond to fcH, fcHe, and fcO.

Figure 1. Graphical illustration of the four primary EMIC wave regions a-d based on Figure 11 of Jun et al. (2021). Top left: Region b EMIC wave characteristics 
with an illustrative example of H-band waves observed on the Arase satellite on 15 May 2019. Bottom right: Region c EMIC wave characteristics with an illustrative 
example of He-band waves from the Arase satellite on 7 Nov 2017. Bottom left: a schematic showing the wave-particle interaction geometry, with the energetic electron 
propagating through the EMIC wave packet, both heading toward the South.
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The average EMIC wave intensities in both regions b and c are on the order of ∼1 nT, which is consistent with 
previous studies reporting EMIC amplitudes in the range of ∼1–10 nT, and higher (Engebretson et al., 2015; 
Fraser et al., 2010; Meredith et al., 2003). Such intense EMIC waves inevitably drive strong scattering of ener-
getic electrons, and numerous studies employing a quasilinear diffusive framework have shown that EMIC waves 
with amplitudes of ∼1  nT (particularly in conjunction with whistler mode chorus and hiss waves) can drive 
precipitation near the strong diffusion limit (i.e., where electrons are scattered into the loss cone faster than they 
can be removed through precipitation to the atmosphere) (Shprits et al., 2009) and act as a rapid loss mechanism 
for outer radiation belt electrons of energies >1 MeV on the timescale of a day (e.g., Albert, 2003; Jordanova 
et al., 2008; Li & Hudson, 2019; Miyoshi et al., 2008; Shprits et al., 2016, 2017; Summers & Thorne, 2003; 
Thorne & Kennel, 1971; Thorne et al., 2005, 2006).

However, the large EMIC wave amplitudes naturally call into question the validity of the quasilinear diffusive 
framework, and a number of recent studies have demonstrated a range of nonlinear effects including the familiar 
phase bunching and trapping (e.g., Albert & Bortnik, 2009; Liu et al., 2012; Omura & Zhao, 2012), non-resonant 
scattering (Chen et al., 2016), and a somewhat less-discussed nonlinear effect called force bunching, originally 
studied in the context of electron interactions with whistler-mode waves (Inan et al., 1978, p. 3241; Lundin & 
Shklyar, 1977), and more recently in the context of EMIC waves (Grach & Demekhov, 2020).

The present study aims to contrast the range of nonlinear effects induced by EMIC waves corresponding to 
regions b and c (Figure 1) as a function of electron energy and pitch angle, and to specifically focus on the 
effects of force bunching as a function of wave amplitude in potentially preventing electron precipitation at 
low pitch-angles (i.e., precipitation blocking). Section 2 presents the test-particle methodology and Section 3 
describes the results, before the discussion and summary sections conclude this report.

2. Methodology
In order to quantify the nonlinear scattering effects of EMIC waves on energetic electrons, the full set of 
gyroresonance-averaged equations of motions is followed for a group of 12 electrons, uniformly distributed in 
initial gyrophase, originating from the equator and traveling in a southward direction through the EMIC wave 
packet, as illustrated graphically in the bottom-left panel of Figure 1. These nonlinear wave-particle equations are 
adapted from previous whistler-mode studies (e.g., Bortnik et al., 2006; Bortnik & Thorne, 2010) by using the 
L-mode branch of the plasma dispersion relation, and assuming field-aligned waves, resulting in a set of equa-
tions that is identical to Albert and Bortnik (2009), written as:
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Here 𝐴𝐴 𝐴𝐴⟂, 𝐴𝐴‖ are the components of the electron momentum (𝐴𝐴 𝐴𝐴 = 𝛾𝛾𝛾𝛾𝛾𝛾 = 𝛾𝛾𝛾𝛾∕
√
1 − 𝛾𝛾2∕𝑐𝑐2 ) perpendicular and 

parallel to the background magnetic field B (having associated electron gyrofrequency 𝐴𝐴 Ω = 𝑒𝑒𝑒𝑒∕𝑚𝑚 ), the EMIC 
wave intensity is represented by the perpendicular component of the wave magnetic field 𝐴𝐴 𝐴𝐴𝑤𝑤 , and the wave radial 
frequency and wave number are given by 𝐴𝐴 𝐴𝐴𝐴 𝐴𝐴 which are related by the multi-species, cold-plasma dispersion 
relationship. The wave-particle phase 𝐴𝐴 𝐴𝐴 is the angle between the vectors 𝐴𝐴 − 𝑩𝑩𝑤𝑤 and 𝐴𝐴 𝐴𝐴⟂ and resonance is typically 
identified when this phase is quasi-stationary, that is, 𝐴𝐴

𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
= 0 . The particles' latitudinal position (𝐴𝐴 𝐴𝐴 ) at a particular 

L-shell (L) is described by 4, where RE = 6370 km is the Earth's assumed radius, and z represents the distance 
measured from the equator along the magnetic field line.
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In the following simulations, we focus on the L = 5 field line (corresponding to fcH = 3.83 Hz at the equator, 
with a dipolar latitudinal variation) since it represents the location where both region b and c EMIC waves are 
present, and overlaps with the heart of the outer radiation belt. Focusing on a common L-shell allows us to make 
a fair comparison between the effects of region b and c EMIC waves without the added variation of the magnetic 
field intensity. While a dipolar magnetic field model has been historically used in test-particle simulations (e.g., 
Albert & Bortnik, 2009; Artemyev et al., 2021; Grach et al., 2021; Inan et al., 1978; Lundin & Shklyar, 1977 and 
references therein) and is typically a good representation of the real magnetic field in the inner magnetosphere, it 
should nevertheless be noted that during intense storms, even the L ∼ 5 region can become somewhat stretched 
and deviate from a strictly dipolar variation (e.g., Rae et al., 2019, Figure 3a). This field stretching is beyond the 
scope of the current study, but its effects should be examined in future work.

The electron density model is described by the equation 𝐴𝐴 𝐴𝐴𝑒𝑒 = 𝐴𝐴𝑒𝑒0cos
−2𝑠𝑠𝜆𝜆 (Denton et al., 2002), with the values 

ne0 = 7 el/cc and ne0 = 220 el/cc adopted for regions b and c, respectively, following typical plasma trough and 
plasmasphere densities at L = 5 (Carpenter & Anderson, 1992) with corresponding index values of s = 1 and 
s = 0.5 (Denton et al., 2002). The ion concentration is assumed to be constant with latitude, with the commonly 
used ratios nH/ne  =  0.77, nHe/ne  =  0.2, and nO/ne  =  0.03 (Albert & Bortnik,  2009; Jordanova et  al.,  2008). 
The wave frequencies adopted for regions b and c were fb = 1.9 Hz and fc = 0.77 Hz corresponding to typi-
cal H-band and He-band wave frequencies at L = 5, respectively (Jun et al., 2021), with a field-aligned wave 
normal angle. The latitudinal amplitude variation was taken similar to Bortnik et al. (2008), that is, increasing 
smoothly in the equatorial region to its maximum value 𝐴𝐴 𝐴𝐴0

𝑤𝑤 over the span of a few degrees, and is given by 
𝐴𝐴 𝑩𝑩𝑤𝑤 = 𝐵𝐵0

𝑤𝑤[tanh(−𝜆𝜆 − 2) + 1]∕2 . This smooth variation prevents any artificial discontinuities in the wave ampli-
tude and any resultant particle scattering due to such discontinuities.

3. Results
A few representative particle trajectories are shown in Figure 2, with initial (equatorial) conditions listed in the 
figure title, showing the (equatorially mapped) pitch-angle variation as a function of particle latitude, propa-
gating from right to left in the figures. Figure 2a shows the trajectories of non-resonant electrons, where the 
pitch angle of each particle temporarily oscillates as it traverses the EMIC wave packet, but is not permanently 
altered leading to no permanent scattering over the set of particles. Figure 2b shows the particle trajectories 
of electrons experiencing a “quasi-linear” interaction, namely pitch angles that are scattered symmetrically to 
larger and smaller pitch angles, with a roughly zero mean, and sinusoidal pitch angle change as a function of 
initial wave-particle phase. Such interactions can form the basis of quasilinear diffusion, when they are of small 
amplitude, experienced successively, with a large number of phase uncorrelated wave packets (the details of the 
relationship between individual EMIC wave-particle interactions and how they could lead to quasilinear diffusion 
are nuanced and discussed in detail in, e.g., Zheng et al., 2019). Figure 2c shows the effects of force bunching 
which result from the second term in 3 becoming dominant when pitch angles become small and 𝐴𝐴 𝐴𝐴⟂ → 0 (analo-
gous to the whistler case, examined by, e.g., Albert et al., 2021; Artemyev et al., 2021; Inan et al., 1978; Kitahara 
& Katoh, 2019; Lundin & Shklyar, 1977). Under such conditions, the wave-particle phases become bunched, and 
a rapid advection displaces all the particle pitch angles approximately uniformly to much larger values, where 
there are stably trapped (as opposed to their initial “precipitating” state). The final example in Figure 2d shows 
the effects of nonlinear phase-trapping (e.g., Albert & Bortnik, 2009; Grach & Demekhov, 2018a) which results 
from trapping the electron in the wave potential, and forcing the electron parallel velocity to follow the resonant 
velocity along its trajectory. This interaction results in a rapid advection of medium to high pitch angle particles 
to much lower values, in the present example by as much as 𝐴𝐴 Δ𝛼𝛼 = 45

◦ .

In order to examine the full range of particle scattering effects, we show a summary of the scattering character-
istics of region c (high-density) EMIC waves in Figure 3, where each of the panels shows a scattering property 
(using the color axis) as a function of initial pitch-angle (abscissa) and energy (ordinate), parameterized by 
the assumed EMIC wave intensity corresponding to each of the rows. The columns represent the mean pitch 
angle change (left column) of each group of test-particles, as depicted in Figure 2c and shown in red font, and 
the standard deviation of the pitch angle change (middle column) of the group of particles as indicated by the 
blue  font in Figure 2c, which can be crudely thought to represent the advective and diffusive portions of the scat-
tering process, respectively. The rightmost column shows the ratio of the mean to the standard deviation (i.e., an 



Geophysical Research Letters

BORTNIK ET AL.

10.1029/2022GL098365

5 of 12

element-wise division of the left, by the middle column values), which can serve as an indicator of where nonlin-
ear advective scattering becomes important relative to diffusive scattering. It should be noted that here “diffu-
sive” scattering is used in a crude sense and essentially represents symmetrical scattering with minimal change 
in the mean pitch angle, whereas truly diffusive scattering can only be confirmed by examining the distribution 
of pitch angle changes of all the particles.

Examining the middle (standard deviation) column, it is apparent that a minimum resonant energy exists at E 
∼ 2.5 MeV when 𝐴𝐴 𝐴𝐴⟂ = 0 , below which only non-resonant interactions take place (e.g., Figure 2a) which do not 
produce any significant change in the standard deviation. Significant scattering abruptly begins the when the 
particle parallel energy exceeds the minimum resonant energy, and slowly decreases as the energy is further 

Figure 2. An illustration of four typical energetic electron pitch-angle trajectories in the high-density Region c, with 12 
particles shown for each case, distributed uniformly in initial gyrophase. (a) Non-resonant scattering, (b) Resonant quasilinear 
scattering, (c) Strong positive advection due to force bunching, and (d) Strong negative advection due to phase trapping. (e) 
EMIC wave amplitude dependence of the near loss-cone electron advection (red) compared to the standard deviation of the 
pitch angle for resonantly scattered electrons (blue). (f) Similar to (e) but showing the negatively advecting electrons (green), 
compared to the (absolute value) of the positively advected near loss-cone electrons (red dotted). The specific initial electron 
pitch angle and energy values are shown in each panel, and the EMIC wave amplitude is 3.6 nT in (a)–(d).
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increased, since the wave-particle resonant location moves to higher latitudes. At larger pitch-angles, the resonant 
energy increases consistently with the standard single wave characteristic (Walker, 1993).

The mean pitch angle deviation (left-most column) shows that even at the lowest EMIC wave intensity (10 pT, top 
row), there is a pronounced positive advection at the minimum resonant energy when 𝐴𝐴 𝐴𝐴⟂ = 0 , due to nonlinear 
force bunching (e.g., Figure 2c) but at larger pitch angles this advective motion becomes negative (blue color), 
and transports particles to lower pitch angles due to phase trapping (e.g., Figure 2d). However, a comparison 
of the advective and diffuse scattering terms (right-most column) shows that for the weakest waves, the mean 
advective motion represents only a small fraction (few percent) of the standard deviation of the scattering, indi-
cating  that particle scattering is essentially diffusive.

As the EMIC wave intensity is increased from 100 pT (second row) to 10 nT (bottom row), the 𝐴𝐴 𝐴𝐴 − 𝐸𝐸 region 
affected by strong advection increases in size and intensity, often reaching pitch angle advection values of 

𝐴𝐴 Δ𝛼𝛼 𝛼 30
◦ , such that the advective terms begin to dominate over the diffusive terms. In particular, the group of 

particles at the minimum resonant energy (𝐴𝐴 𝐴𝐴 = 0 ) can experience advective motion to larger pitch angles which 

Figure 3. Scattering characteristics corresponding to the high-density Region c. Single-pass, phase-averaged scattering characteristics of a group of 12 energetic 
electrons passing through a He-band EMIC wave field, shown as a function of initial electron pitch angle on the abscissa (αeq) and initial electron energy in MeV on 
the ordinate. The rows are parameterized by EMIC wave amplitude (top to bottom: 10 pT, 100 pT, 1 nT, and 10 nT) and columns correspond to (left) mean pitch angle 
change <Δ�eq>, (middle) standard deviation of pitch angle change <

(

Δ�eq − <Δ�eq >
)2>1∕2, and (right) mean divided by standard deviation. Note the changing color 

scales in each panel.
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can exceed the diffusive spreading by a factor of 50 (bottom, right column), effectively “blocking” the precipita-
tion of these particles into the atmospheric loss cone.

In order to study the amplitude dependence of the force bunching effect, we show in Figure  2e the mean 
pitch angle change (𝐴𝐴 Δ𝛼𝛼𝑒𝑒𝑒𝑒 ) of the minimum resonant energy electrons (shown in red, similar to Figure 2c, with 

𝐴𝐴 𝐴𝐴𝑒𝑒𝑒𝑒 = 3
◦, 𝐸𝐸0 = 2.5 MeV), and compare it to the standard deviation of the diffusively scattered electrons (shown in 

blue, similar to Figure 2d, 𝐴𝐴 𝐴𝐴𝑒𝑒𝑒𝑒 = 30
◦, 𝐸𝐸0 = 10.4 MeV) as a function of EMIC wave intensity. Immediately appar-

ent is that the advective term is significantly weaker (more than an order of magnitude) than the diffusive term 
at low EMIC wave intensities (10 pT) and can be considered to be in the linear scattering regime. This advective 
term increases rapidly, roughly 𝐴𝐴 Δ𝛼𝛼𝑒𝑒𝑒𝑒 ∝ 𝐵𝐵2

𝑤𝑤 whereas the diffusive term increases slower, roughly 𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠 ∝ 𝐵𝐵𝑤𝑤 such 
that at ∼200 pT the two terms become comparable. At ∼1 nT the advective term dominates over the diffusive  term 
and the interaction can be considered to be in the nonlinear regime. It is also important to note that beyond this 
point, the amplitude dependence of the force bunching term changes and becomes closer to 𝐴𝐴 Δ𝛼𝛼𝑒𝑒𝑒𝑒 ∝ 𝐵𝐵

1∕2

𝑤𝑤  .

Interestingly, a comparison of the amplitude dependence of the two dominant nonlinear advection effects, namely 
force bunching and phase trapping (e.g., bottom left panel of Figure 3) shown in Figure 2f reveals that these two 
effects not only have nearly identical absolute values, but indeed scale as a function of wave amplitude in almost 
the same way. Perhaps not surprisingly, over the ‘long term’ (i.e., many successive wave-particle interactions), 
these nonlinear effects can compensate for one another, and the overall particle scattering could again appear to 
be diffusive, though proceeding on timescales much faster than those of quasilinear diffusion (e.g., Omura & 
Zhao, 2013; Grach & Demekhov, 2020; Kubota & Omura, 2017).

Figure 4 shows a summary of the scattering results in the same format as Figure 3, but with wave characteris-
tics and background parameters set to represent the low-density, H-band, region c (Figure 1) EMIC waves, as 
described in Section 2 above. While the major features and scattering regions in Figure 4 are similar to those in 
Figure 3, a notable difference is that the minimum resonance energy of electrons now exceeds 16 MeV, which 
makes region b waves relatively ineffective for scattering the bulk of the radiation belt electrons which typically 
span energies of ∼0.5 MeV to several MeV. The force bunching effect is still evident and dominates over the 
diffusive scattering near the minimum resonant energy at large EMIC wave amplitudes (𝐴𝐴 𝐴𝐴𝑤𝑤 ∼10 nT) but with 
factors of ∼10–15, that is, to a far lesser degree than the high-density region c waves.

4. Discussion
The results presented in Figures  2–4 suggest that for the case of a single-pass interaction considered in the 
present study, that is, when energetic electrons with pitch angles close to the atmospheric bounce loss-cone 
stream through an EMIC wave packet, they would not necessarily be precipitated and lost into the dense upper 
atmosphere as would be expected on the basis of the often-used quasilinear theory (e.g., Jordanova et al., 2008; 
Li & Hudson,  2019; Miyoshi et  al.,  2008; Shprits et  al.,  2016,  2017; Summers & Thorne,  2003; Thorne & 
Kennel, 1971; Thorne et al., 2005, 2006). Indeed, for moderate to intense EMIC wave packets, such resonant 
electrons would be rapidly (i.e., on the order of tens of milliseconds) advected to large pitch angles within the 
course of a single wave-particle interaction, and effectively be “blocked” from precipitating. As such, coordinated 
observations between in situ spacecraft that aim to observe the driving EMIC waves near the equatorial region 
of a given field line, and Low-Earth Orbiting spacecraft that attempt to observe the resultant energetic electron 
precipitation at the footpoint of that field line may not be able to observe any precipitation when the EMIC waves 
are intense, and ironically may only observe non-resonantly interacting electrons at a few 100 keV energies, that 
are below the minimum resonant energy (Capannolo et al., 2018, 2019; Chen et al., 2016; Hendry et al., 2017; 
Usanova et al., 2014). Indeed a recent observation showing a negative slope of the pitch angle distribution at low 
pitch angles following EMIC scattering in Van Allen Probes data support the nonlinear precipitation blocking 
effect (Zhu et al., 2020).

It should also be noted that the force bunching effect is typically omitted in the estimation of nonlinear effects. For 
example, the standard, traditionally used “inhomogeneity parameter” R, provides a measure of the competition 
between wave-driven effects compared to the inhomogeneity of the background magnetic field and can be written 
as (eq. (7) in Albert & Bortnik, 2009):

𝑅𝑅 ≈ −
9𝜆𝜆

2𝐿𝐿

𝑚𝑚𝑚𝑚

𝑒𝑒𝑒𝑒𝑤𝑤

𝑚𝑚

𝑅𝑅𝐸𝐸

𝑝𝑝

𝑚𝑚𝑚𝑚

cos
2𝛼𝛼

sin 𝛼𝛼

1

1 − 𝜔𝜔∕Ω𝑖𝑖

 (5)
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for a dipolar background magnetic field, and a small latitude approximation. Here 𝐴𝐴 |𝑅𝑅| ≫ 1 indicates linear behav-
ior, whereas 𝐴𝐴 |𝑅𝑅| ≪ 1 points to essentially nonlinear particle motion. In the case of interaction near the minimum 
resonant energy, 𝐴𝐴 𝐴𝐴 → 0 suggests that 𝐴𝐴 |𝑅𝑅| → ∞ (which can also be seen in Figure 1 of Albert and Bortnik (2009)) 
indicating that predominantly linear behavior is expected at such low pitch angles (though more recent work has 
started to incorporate the force bunching effect, e.g., quantities R2, R3 and 𝐴𝐴 𝐴𝐴 of Albert et al. (2021)).

At larger pitch angles, when particle energies are close to the resonant energy, the conventional nonlinear “phase 
bunching” effect begins to dominate the advective motion of the energetic electrons in pitch angle, and acts in the 
same direction as force bunching (dominant at low pitch angles), namely acting to rapidly transport the mean pitch 
angle to larger values. The signature of this phase bunching effect can be seen as the positive advection (red) band 
in Figure 3 (left column, at pitch angles immediately below the “phase trapping” blue band) and has been under-
stood and described in previous studies (e.g., Albert & Bortnik, 2009; Grach & Demekhov, 2018a, 2018b, 2020; 
Kubota & Omura, 2017). Near the minimum resonant energy, the phase bunching effect takes place at low pitch 
angles and approaches the force bunching effect, creating a combined effect that rapidly transports low pitch 
angle particles to much larger pitch angles.

The forgoing analysis has been performed for a monochromatic EMIC wave, both for simplicity, and indeed as 
it represents wave packets that are narrowband or whose frequency is slowly varying. However, it is important 

Figure 4. Scattering characteristics corresponding to Region (b) Similar format to Figure 3, but for the low-density region outside the plasmapause, with scattering 
driven by H-band EMIC waves. Note the changing color scales in each panel.
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to note that for EMIC wave packets whose amplitude is rapidly varying, or that have a wide frequency band, 
additional effects may enter that disrupt (or sometimes enhance) the nonlinear effects described in this study 
(e.g., Grach et al., 2021). Additionally, we note that although force bunching has been demonstrated to be very 
effective, the final flux of precipitating electrons within the loss-cone will be determined by a delicate balance 
between electrons at large pitch angles transported directly into the loss-cone (due to phase trapping) and low 
pitch-angle electrons transported away from the loss-cone by force bunching. This balance depends on the EMIC 
wave amplitude, that is, when the advection term becomes comparable to the initial pitch angle (e.g., left column 
of Figure 3, noting that 𝐴𝐴 Δ𝛼𝛼𝑒𝑒𝑒𝑒 becomes comparable to 𝐴𝐴 𝐴𝐴𝑒𝑒𝑒𝑒 at Bw ∼ 10 nT) as well as the background plasma char-
acteristics, and shall be investigated both observationally (using case studies of observed electron precipitation) 
and theoretically in future studies.

In summary, the term “precipitation blocking” refers to the ability of the force bunching nonlinear effect 
(combined with the phase bunching effect near the minimum resonant energy) to potentially prevent the electron 
precipitation expected on the basis of quasilinear theory and the conventional nonlinear theory (e.g., Equation 5) 
which often omits the second (force bunching) term in the wave particle phase Equation 3.

5. Summary and Conclusions
Using nonlinear test-particle simulations, we have characterized the behavior of energetic electrons interacting 
with different groups of EMIC waves, that have been recently identified using Van Allen Probes and Arase data 
(Jun et al., 2021). Two different wave populations were chosen due to their occurrence at low L-shells and overlap 
with the high flux portion of the outer radiation belt electrons: region b waves that are characterized by H-band 
EMIC waves and occur in the low density, dayside region outside the plasmasphere, and region c waves that are 
predominantly He-band EMIC waves, and occur in the high-density, duskside region within the plasmasphere 
(and duskside bulge region). We find that:

1.  Both groups of EMIC waves can drive a variety of wave-particle interactions including: diffusive (quasilinear) 
scattering, phase trapping (advection to low pitch angles), phase bunching (advection to large pitch angles), 
and force bunching which results in rapid advection of low pitch angle particles to larger pitch angles.

2.  Region b (low density, H-band) EMIC waves show similar qualitative behavior to region c waves, but have 
minimum resonant energies in excess of 16 MeV, which makes this population relatively ineffective for scat-
tering the bulk of the ∼MeV outer radiation belt electrons.

3.  The effects of nonlinear force bunching at low pitch angles, especially in combination with phase bunching 
near the minimum resonant energy, can result in “precipitation blocking” due to the rapid advection of parti-
cles out of the loss cone and toward much larger pitch angles where the particles are stably trapped.

4.  Increasing EMIC wave amplitudes cause the positive advection due to force bunching to dominate over diffu-
sive scattering above Bw ∼ 200 pT. As a result, the larger the EMIC wave amplitude, the more the electron 
precipitation at, and above the minimum resonant energy should be blocked.

The results presented in this study are applicable to a single-pass interaction of electrons streaming through the 
EMIC wave packet, and could have profound implications for observational conjunction studies. For example, 
studies that aim to observe the direct electron precipitation on spacecraft located at Low Earth Orbit, driven by 
an EMIC wave packet observed by a second, in situ spacecraft located near the geomagnetic equator. The effects 
of EMIC wave intensity upon the longer-term, multi-pass interaction (when competing nonlinear effects have had 
an opportunity to compensate for each other), and in particular the expected precipitation signature, remains to 
be fully investigated.
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Data Availability Statement
The results obtained in the present paper rely on the MATLAB programming language (https://www.mathworks.
com/), and an integration of the set of differential Equations 1–4 presented in Section 2 of the paper, using the 
ode113 built-in numerical function. No new data was used in this paper.
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